Two plant enzymes, namely actinidin (A) and papain (P), were used to pretreat bovine skin at the respective optimum pH and temperature of the enzymes for 48 h at the level of 0, 5, 10, 15, 20, and 25 unit/g of skin, and gelatin extraction was done at 60°C for 6 h. Gelatin yield from actinidin at level 20 (A20) (22.67%) and papain at level 20 (P20) (23.59%) were significantly (P < 0.05) higher than control (17.90%). The gel strength values for gelatin extracted using actinidin enzyme (GEA) were significantly (P < 0.05) higher than the control (283.35 g), and the gel strength for A20 was 366.39 g. However, gelatin extracted using papain enzyme (GEP) showed relatively lower gel strength. The GEA sample viscosities were significantly (P < 0.05) higher than control (12.10 mPa.s). GEA samples revealed overall degradation of β chains and presence of α chains and lower molecular weight peptides, whereas β and α chains were completely absent and lower molecular weight peptides were seen in all the GEP samples. Fourier-transform infrared (FTIR) spectra indicated a greater loss of molecular order and more disruption in the α helical structure of P20 compared to A20 and control gelatins. Scanning electron microscopy (SEM) revealed interconnected bigger particle size and denser structure with least number of voids in A20 than P20 and control gelatin samples. Thus, it was concluded that actinidin, particularly at level 20 unit/g of skin, could be used to improve the yield and properties of gelatin from bovine skin.
Introduction
Gelatin being derived from collagen by its limited denaturation possesses high-molecular-weight biopolymer. [1] It shows various functional properties including film-forming ability, water-binding capacity, foaming, and emulsifying properties, qualifying it as an important constituent in food, medicine, pharmacy, photography, and cosmetic. [2, 3] Collagen is made up of three intertwined α-chains to form a very stable right-handed triple-helix structural protein [4] and the hydrogen bonding between the chains provide the required stability to the triple-helical collagen structure.
A pretreatment process using either acid or alkali is required to convert insoluble collagen into soluble form. This results in insoluble swollen collagen with lost native collagen structure. [7] During the gelatin extraction process, heat destroys the hydrogen and covalent bonds, thereby changing the triple-helical structure of collagen chains to random coil structure (helix-to-coil transition) resulting in gelatin production. [8] Noncovalent and covalent bonds are broken down to enable to release free oligomers as well as α chains. [5] In addition to it, some amide bonds are cleaved in the native collagen structure during hydrolysis. [9] Therefore, the resultant gelatin contains a combination of lower molecular weight polypeptides, showing a molecular weight between 16 and 150 kDa.
Crosslink bonds found in collagen triple-helical structure are resistant to heat and acid, [,11] and therefore, normally a low gelatin yield is obtained. [12] Earlier, few protease enzymes known to cleave crosslinked bonds of collagen were used to enhance the yield of gelatin. [12] Proctase extracted from Aspergillus niger and pepsin were employed for gelatin extraction from bovine skin, but the yield was comparatively low and the gelatin recovered so exhibited low gel strength and viscosity. [13] Plant enzymes like papain and bromelain have been employed for gelatin extraction from the collagenous source. The gelatin source materials were initially pretreated with various proteases prior to gelatin extraction. [12] [13] [14] [15] [16] On the other hand, Pitpreecha and Damrongsakkul [17] and Damrongsakkul et al. [18] extracted gelatin from bovine skin without pretreating the skin with papain enzyme. Pitpreecha and Damrongsakkul [17] used papaya latex-derived crude proteolytic enzyme and commercial papain enzyme to extract gelatin from the rawhide at the optimum conditions (75°C and pH 7) for the activities of both the enzymes and higher gelatin recovery was achieved, but both gelatin samples revealed absolutely degraded α and β chains possessing relatively low gel strength. Damrongsakkul et al. [18] used papain to extract gelatin from rawhide splits and found low gel strength and viscosity of the obtained gelatin. Norziah et al. [19] pretreated the surimi processing waste from ribbon fish (Lepturacanthus savel) before extracting gelatin with bromelain at 4°C which was not the optimum activity temperature of the enzyme. Under optimum condition for gelatin extraction, the gelatin yield increased by nearly 50%, but the gel strength and viscosity were low. Faint presence of β-chain (α-chain dimmers) band was observed and α1 and α2 chains regions were revealed scarce. Lower molecular weight regions were also visible.
It is evident from the above examples that the functional characteristics of the gelatin extracted using proteases were lowered, although high gelatin yield was obtained. Less degraded gelatin proteins having relatively high-molecular-weight polypeptides have been shown to exhibit better functional qualities. [16, [20] [21] [22] This situation demands for some novel enzymes cleaving the long chains of collagen at very few sites so that long-chain gelatin possessing better quality characteristics could be produced. [23] Additionally, actinidin enzyme derived from kiwi fruit was found to hydrolyze myofibril proteins of meat most effectively among enzymes actinidin, bromelain, papain, and zingibain. [24] Published research articles on gelatin extraction using actinidin and zingibain enzymes are not available to the best of the authors' knowledge. Therefore, in this study, a new enzyme actinidin and papain were used at their optimum temperature and pH to extract gelatin from bovine skin and analyze the extraction yield and characteristics of the extracted gelatin.
Materials and methods

Chemicals
N,N,Nʹ,Nʹ-tetramethyl ethylenediamine (TEMED), sodium dodecyl sulfate (SDS), acrylamide, 2-mercaptoethanol, and coomassie brilliant blue R-250 were acquired from Merck (Darmstadt, Germany). Kiwi fruit (Actinidia deliciosa)-derived actinidin enzyme (>30 casein units/g) was provided by Ingredient Resources Pty Ltd, Warriewood, NSW, Australia. Papain enzyme (EC 3.4.22.2 having activity ≥30,000 USP-U/mg) obtained from papaya (Carica papaya) was procured from Merck. Hydroxyproline standard was purchased from Agilent Technologies (CA, USA). For amino acid analysis, amino acid standards, chromatographic column, reagents, and mobile phase were procured from Waters Corporation (MA, USA). In all other cases, analytical grade reagents and chemicals were used.
Skin preparation
Neck region skin of female Brahma of age about 3-4 years was procured from Shah Alam Abattoir (Selangor, Malaysia) and kept under ice during transportation and stored at −20°C in the laboratory. The subcutaneous fat removal was done by scrapping, and thereafter, it was cleaned carefully. The skin was kept at −20°C until further use. Overnight thawing at 4°C was done before using it.
Gelatin extraction from skin using actinidin and papain enzyme-assisted process Noncollagenous protein removal Noncollagenous proteins were removed by treating the skin with 0.1 M NaOH (w/v) solution for 6 h maintained at 25 ± 1°C room temperature. The ratio of skin to solution was 1:5 (w/v), and the mixture was continuously stirred and the old solution was replaced at every 2-h interval with fresh solution. After this, skin hairs were removed by scraping and incised into a small size of approximately 1 cm × 2 cm. Distilled water was used to wash the skin thoroughly till neutral pH was achieved from the wash water.
Actinidin and papain enzyme-assisted gelatin extraction HCl solution (1%) was used at a ratio of 10:1 (v/w) to soak the skin for 20 h at discontinuous stirring. After soaking, skin samples were washed using distilled water until wash water became neutral. The swollen skins were incubated for 48 h in enzyme solutions (1: 3 (w/v) skin to solution ratio) with actinidin and papain at the level of 0, 5, 10, 15, 20, and 25 unit/g of wet skin at their corresponding optimum temperature and pH (20°C and pH 7.5 for papain and 40°C and pH 6.0 for actinidin as per manufacturers' specifications) for the maximum activities of the enzymes. To maintain the required temperatures, the mixture was put in the water bath under stirring. Upon completion of incubation time, the enzymatic action was destroyed by keeping the mixture in a water bath for 15 min at 90°C. Thereafter, gelatin was extracted in a water bath maintained at 60°C for 6 h with continuous stirring. The mixture so obtained was passed through cheesecloth and subsequently clarified by Beckman Coulter Avanti J-26 XPI centrifugation carried out for 20 min at 12,800 × g. Finally, gelatin was obtained by freeze-drying (Labconco FreeZone 18 , KS, USA) the resulting supernatant. Control gelatin was extracted without any enzymatic pretreatment from the HCl-treated skin as stated above. Triplicate determination was carried out for the gelatin extraction.
Yield
The gelatin yield was determined on the basis of the weight of the wet skin and the weight of the gelatin extracted out of it. [14, 15, 25, 26] Yield % ð Þ ¼ Extracted gelatin weight g ð Þ Wet skin weight g ð Þ Â100
Determination of pH
Gelatin pH was measured with Mettler Toledo, AG 8603 (Switzerland) pH meter. Distilled water (20 mL) was used to dissolve gelatin (0.2 g) to prepare 1% (w/v) gelatin solution and the solution temperature was brought down to room temperature (about 25ºC). Two buffer solutions of pH 4.0 and 7.0 were used to standardize the pH meter and determination was performed in triplicates.
Amino acid analysis
High-performance liquid chromatography (HPLC) from Waters Corporation (Milford, MA, USA) was used to analyze the amino acid profile of the recovered gelatins. [27] 0.1 to 0.2 g of gelatin was hydrolyzed at 110°C for a duration of 24 h with 5 mL of 6 N HCl. After cooling, 4 mL of L-amino-N-butyric acid (AABA) used as internal standard was mixed to the hydrolysate, and thereafter, it was paper and syringe filtered. Twenty microlitres of ACCQ reagent was added to 70 µL borate buffer (Waters Corporation) and 10 µL of the filtered hydrolysate was added to it. Hydroxyproline (Agilent Technologies, CA, USA) was added to spike the internal standard and amino acid standard H mixture (Waters Corporation) was used to quantify all the AA excluding cysteine, tryptophan, and methionine. The peaks were separated with the aid of AccQ Tag 3.9 150 mm AA column (Waters Corporation). Triplicate determination was done, and the presented data represent the mean values. Standard deviations were observed to be less than 2% in all cases.
Electrophoretic analysis
SDS-PAGE (Sodium dodecyl sulphate polyacrylamide gel electrophoresis) was employed to establish the molecular weight distributions of the protein chains found in the extracted gelatins. [28] Ten milligrams per milliliter solution of dry gelatin was prepared by dissolving 10 mg gelatin in 1 mL deionized water at 60°C. Loading buffer (fivefold-concentrated) having β-mercaptoethanol was mixed with the sample solution in a 2:1 (v/v) ratio. The mixture was kept in a water bath at 95°C for 5 min and loaded onto stacking gels (4%) and resolving gels (7.5%). The gels were run using Mini-PROTEAN Tetra System (Bio-Rad Laboratories, CA, USA) at 15 mA/gel (constant current) for 15 min followed by 25 mA/gel for the time duration the bromophenol blue dye touched the base of the gel. The gels were stained with 0.1% (w/v) solution of coomassie blue. The molecular weights of the gelatin polypeptides were estimated using prestained protein ladder (BLUeye, GeneDireX, Taiwan).
Turbidity
A slightly modified method of Cho et al. [29] was followed to measure gelatin turbidity. Gelatin solution of concentration 0.5% (w/w) was prepared by adding 0.025 g gelatin in 5 mL distilled water at 60°C. The absorbance of the solution at 660 nm was measured using Shimadzu UV Spectrophotometer, Model UV-1800, Kyoto, Japan.
Determination of gel strength
Determination of the gel strength was done following the slightly modified method of FernandezDıaz et al. [30] Two grams of gelatin was weighed and transferred to 50 mL beaker (Schott Duran, Germany) and 30 mL of distilled water heated to 60°C was added to prepare a gelatin solution of 6.67% (w/v). The solution was stored at 7°C for 16-18 h for gel maturation. Cylindrical teflon plunger having a flat face (P/0.5R) measuring 1.27 cm in diameter was fitted to Texture Analyzer Model TA-XT2i (Stable Micro Systems, Surrey, UK) to measure the gel strength of gelatin samples. The sample diameter and height were 3.8 and 2.7 cm, respectively. The plunger speed was fixed at 0.5 mm/s, and the gel strength was recorded (in grams) when the probe entered 4 mm inside the sample. Means of three determinations were presented as the final value.
Determination of viscosity
Gelatin (1.34 g) was dissolved in distilled water (20 mL) to prepare a gelatin solution of 6.67% concentration and heated to 60°C. Viscosity was measured using RheolabQC viscometer purchased from Anton Paar, Graz, Austria. Triplicate determination was done to arrive at the mean.
Fourier-transform infrared (FTIR) spectroscopy
Spectrometer from Perkin Elmer Ltd., Model: Spectrum 100, AZ, USA was used to acquire the FTIR spectra of different gelatin samples. CsI internal reflection crystal and deuterated L-alanine triglycine sulfate (DLATGS) detector were used. Spectra were acquired in the mid-IR region of 4000-500 cm −1 at room temperature with the resolution of 4 cm . Automatic signals were collected using 16 scans. The signals were normalized using a background spectrum emitted from a clean and empty cell at 25°C.
Microstructure analysis of gelatin
Scanning electron microscopy (SEM) was used to elaborate the microstructures of gelatin samples with JEOL JSM-IT100 InTouchScope, Tokyo, Japan. Bronze stub was used to mount 2-3 mm-thick dried gelatin samples and sputter-coated with gold (BAL-TEC SCD 005 sputter coater, Schalksmühle, Germany). Samples were observed at 30⨰ at an accelerated voltage of 10 kV.
Statistical analysis
Statistical Analysis System (SAS) Version 9.4 software (Statistical Analysis System, SAS Institute Inc., Cary, NC, USA) was used to analyze all statistical data. Data were subjected to ANOVA using the GLM procedure where the different enzymes and their different levels were fixed as the main effects. Duncan's multiple range test (P < 0.05) was used to determine differences among the treatment means.
Results and discussion
Yield
The stabilizing hydrogen bonds of collagen are destroyed by heating at a higher temperature resulting in the conversion of native helix to coil structure, which leads to the transformation of collagen to gelatin. [31] Moreover, some peptide bonds are broken down. [32] The effects of different levels (0, 5, 10, 15, 20, and 25 unit/g of skin) of actinidin and papain on gelatin yield are shown in Table 1 . In both enzyme groups, the yield of gelatin was significantly (P < 0.05) increased with increasing level of enzyme. Nonetheless, using a level of 25 unit/g of skin led to a significant decrease in the yield of gelatin in both enzyme groups. Yield of gelatin at A20 (22.67%) was significantly higher (P < 0.05) than all other treatment levels of actinidin and control (17.90%). Except for P0, the yield of gelatin obtained from papain at P20 (23.59%) was significantly (P < 0.05) higher compared to the control and other papain levels. The results are supported by the previous findings of Balti et al. [14] and Lassoued et al. [15] who found higher gelatin yield with the proteolytic enzymes. Gelatin yield of 7.84% on wet weight basis was obtained from cuttlefish (Sepia officinalis) skin using crude acid protease extracted from smooth hound at level 15 unit/g. [14] They reported increased gelatin yield as enzyme level was increased. Treating thornback ray skin with pepsin yielded 30% gelatin. [15] Nalinanon et al. [12] also reported similar findings. They obtained noticeably enhanced gelatin yield with proteases compared to when the proteases were not used.
pH There were significant (P < 0.05) differences in pH between the control (2.16) and the treatments of GEA and GEP groups ( Table 1) . No significant differences were found among GEA samples. Low pH as observed for the samples might be attributed to the acidic agent (HCl) used for skin pretreatment. Bovine gelatin pH was found to be 5.48. [1] There are lack of studies on the effect of gelatin processing method on the pH of extracted gelatin. [33] Amino acid analysis of gelatin Primarily, various gelatin characteristics are controlled by the molecular weight distribution and composition of amino acid. [34] Glycine is the most abundant amino acid in gelatin. [35] According to Asghar and Henrickson [10] , 50-60% of α chains comprise triple peptides having the repeating chains of Gly-X-Y, where X and Y mostly represent proline and hydroxyproline, respectively. High imino acid (proline and hydroxyproline) content, especially hydroxyproline, was reported to be found in gelatin obtained from mammalian animals. [36] In the present study, GEA showed that the glycine, proline, and hydroxyproline values varied from 21.00% to 15.97%, 11.08% to 8.31% and 15.17% to 10.93%, respectively, whereas the corresponding values for GEP were 21.74% to 19.16%, 10.96% to 9.79%, and 14.82% to 12.40%, respectively (Table 2) . Glycine (Gly), proline (Pro), and hydroxyproline (Hyp) content of Table 2 . Amino acid composition (%) of control gelatin, gelatin extracted using actinidin, and papain enzymes from the bovine skin.
Amino acids Control
Levels of enzyme actinidin/g of skin Levels of enzyme papain/g of skin All the data expressed in the unit of mg/100 mg of gelatin. Measurements were performed in triplicate and data correspond to mean values. Standard deviations were in all cases lower than 2%.
commercial gelatin obtained from calf skin and ox hide and calf skin gelatin were 26.9%, 14.0%, and 14.6% and 27.6%, 16.5%, and 13.4%, respectively. [37] Furthermore, Balti et al. [14] and Lassoued et al. [15] reported glycine to be 34.1% and 34.48%, proline to be 12.3% and 13.39%, and hydroxyproline to be 9.6% and 9.54%, respectively, of the total amino acids in edible halal bovine gelatin. Amino acid contents in the present study were expressed as mg of amino acid per 100 mg of sample (percentage of sample weight). This gave rise to differences between this study and earlier reported studies with regard to the content of different amino acids. Additionally, the differences in the amino acid content might arise due to variation in the skin source and gelatin manufacturing process. [38] The imino acid (Pro+Hyp) content in GEA and GEP varied from 26.25% to 19.25% and 26.34% to 21.27%, respectively. The bovine gelatin contained 21.90% [14, 15] or 23.3% [39] imino acid. Hyp content in GEA and GEP (varied from 15.17% to 10.93% and 14.96% to 12.40%, respectively) was higher than the Hyp content (9.6% and 9.54%, respectively) in food grade bovine gelatin as reported by Lassoued et al. [15] and Balti et al. [14] The stability of the triple-helical structure of the renatured gelatins is directly dependent on the amount of imino acids as nucleation zones are believed to be formed in the area high in Pro + Hyp content. [40] Specifically, Hyp is thought to provide strength to the triple-helical structure of collagen by forming hydrogen bonds between the different strands through its hydroxyl group. [40] [41] [42] The viscoelastic properties of gelatin are not only dependent on amino acid composition [43] but also on the molecular weight distribution. The high gel strength and viscosity of the GEA compared to GEP might be due to the presence of high-molecular-weight polypeptides in GEA.
SDS-PAGE analysis of gelatin
The functional characteristics of gelatin are affected by the molecular weight distribution, subunit structure and its composition, as well as the composition of amino acids. [14] Pretreated skin (PS) samples, GEA and GEP samples were subjected to SDS-PAGE analysis (Figure 1 ). The molecular distribution pattern of PS samples revealed α1 and α2 chains along with one covalently bound α-chain dimers known as β chain. High-intensity bands at the top of the gels were observed in both types of gelatin samples including the PS sample which were very high-molecular-weight components produced as a result of residual heat-stable crosslinks. [14, 44] All GEA samples showed complete degradation of β chains and presence of α1 and α2 chains (slightly degraded) and lower molecular weight peptides (due to degradation of β chains), whereas GEP samples revealed a complete breakdown of β and α chains leading to the formation of low-molecular-weight peptides. Peptides starting from around less than 100 and 60 kDa were observed in the obtained GEA and GEP, respectively. Mohtar et al. [1] reportedly observed protein bands in commercial bovine gelatin corresponding to 100 and 40 kDa. Intensities of the bands were clearly more in GEA than GEP. Smear band noticed more in case of GEP indicated overhydrolysis by papain.
Gelatin samples extracted from rawhide with the aid of crude protease derived from papaya latex and commercial papain exhibited only low-molecular-weight protein polypeptides, indicating that α and β chains of the recovered gelatin were entirely degraded. [17] β-chain band was faintly observed and α1 and α2-chains regions were scarcely observed for fish gelatin extracted from surimi processing waste extracted using bromelain enzyme. [19] The formation of short-chain peptides in the present case was in agreement with the findings of Nalinanon et al. [12] who found a complete absence of α and β chains in the gelatin extracted by pretreating the bigeye snapper (Priacanthus tayenus) skin with bigeye snapper pepsin. Similarly, a complete absence of β components was found in gelatin samples extracted from bigeye snapper (Priacanthus macraacanthus) skin at a temperature higher than 40°C and polypeptide protein chains further underwent degradation along with α1 and α2-chains at a temperature higher than 45°C. [45] Turbidity Montero et al. [46] posited that the presence of more aggregates in gelatin of high-molecular weight resulted in high turbidity. High turbidity values for GEA compared to GEP could be attributed to α1 and very slightly degraded α2 chains present in all GEA samples (Table 3 ). All GEP revealed complete degradation of β and α chains, resulting in failure to form more aggregates of high molecular weight. There was a significant increase (P < 0.05) in the turbidity of the GEA samples as the level of enzymes increased. This might be due to the imparting of turbidity by the enzyme.
Gel strength
Gel strength is the most important functional characteristics of gelatin, and it is influenced by the intricate functional interactions between the composition of amino acid and amount of β chains and Figure 1 . SDS-PAGE pattern of pretreated skin (PS) sample along with gelatin samples extracted using different levels of enzyme actinidin (A) and papain (P). A0/P0, A5/P5, A10, A15/P15, A20/P20, and A25/P25 refer to corresponding actinidin/papain enzyme level of 0, 5, 10, 15, 20, and 25 unit/g of skin, respectively. M: high-molecular-weight marker. C: control gelatin.
α chain ratio. [14] The gelling strength of industrial gelatins varies from 100 to 300 g, and gelatins having gel strength values of 250-260 g are mostly preferred. [47] Generally, gelatins having lowmolecular-weight distribution show low gel strength than the high-molecular-weight gelatin [20] because peptides of low molecular weight might be unable to form interjunction zones efficiently, jeopardizing the aggregation of gelatin chains resulting in low gelling property. The gelatin gelling properties were also affected by the imino acid, proline, and hydroxyproline [48] as hydrogen bonds are formed between the different strands of gelatin by imino acid resulting in highly stable gel possessing high gel strength.
The gel strength values of all the GEA samples were high ( Table 3 ). The gel strength of gelatin extracted using actinidin enzyme decreased significantly (P < 0.05) as the level of the enzymes increased. The gel strength for A20 was 366.39 g and the least recorded gel strength was for A25 (348.56 g). All the bloom values were significantly higher (P < 0.05) than the control (283.35 g). The gel strength of the commercial bovine gelatins as reported by Lassoued et al. [15] , Mohtar et al., [1] and Ahmad and Benjakul [32] were 259.65, 273, and 293.22 g, respectively. The higher bloom values for extracted gelatin using actinidin could be explained in terms of formation of peptides of uniform length, leading to better physical crosslinking of the gelatin resulting in higher gel strength. [18] The presence of peptide chains α1 and slightly degraded α2 chains of high molecular weight in the GEA samples might be held responsible for such high values of gel strength as these chains enable the formation of triple-helical structure during maturation process (cooling) and lead to helix growth. [14] Meanwhile, papain-treated samples showed low gel strength (Table 3 ). The highest gel strength of 119.34 g was recorded for P10. Damrongsakkul et al. [18] and Pitpreecha and Damrongsakkul [17] reported low gel strength gelatins obtained from rawhide splits and rawhide using papain and crude and commercial papain, respectively. The enzyme cleaved the peptide bonds more severely than by acid and lime process. [49] Low strength gelatin resulted from the enzymatic hydrolysis of the collagen by crude protease enzyme from papaya latex compared to typical hydrolysis by acid and lime. [17] Papain pretreatment caused severe cleavage of collagen chains due to overhydrolysis leading to the formation of much shorter chains, [19] resulting in the lower gel strength of GEP in comparison to GEA. The shorter chain peptides had low gel-forming ability resulting in a weaker gel network. [12] Despite having imino acid-rich composition, the squid gelatin had very low gel strength (less than 25 g) (Norziah et al., 2014) due to the presence of protein degradation fragments. [21] Generally, gelatins consisting of low-molecular-weight distribution peptides show low gelling properties than gelatins possessing high-molecular-weight polymers [20, 50] because smaller polypeptide gelatin chains fail to create the junction zone resulting in failure to establish strong chain arrangement which reflected as low gel strength. [51] Viscosity Commercially, the second most significant functional property of gelatin is viscosity. [37] Cleavage of hydrogen and possibly electrostatic bonds causes collagen to denature in hot water, and this degrades the triple-helical (three α chains) structure of native collage generating gelatin containing random polypeptides consisting of one, two , or three chains that give high viscosity when dissolved in water. [20] Molecular weight and polydispersity of the gelatin polypeptides partially control viscosity, [52] indicating that viscosity would increase if higher molecular weight peptides are present but based on the molecular weight distribution, polydispersity can have a variable effect. [53] Viscosity was 12.10 mPa.s for the control, which was significantly lower (P < 0.05) than GEA samples but was significantly higher than GEP (P < 0.05) ( Table 3 ). The highest viscosities were exhibited by A20 and A25 samples (13.53 and 13.97 mPa.s, respectively), whereas P25 showed the highest viscosity of 10.70 mPa.s. Viscosity of the commercial bovine gelatin was reported to be 9.80 cP. [1] Viscosities of pepsin and proctase added gelatin extracted from bovine hide were 3.43 and 1.11 cP, respectively. [13] Gelatin obtained from rawhide by papain hydrolysis at 70°C after 90 min extraction at pH 6, 7, and 8 exhibited the viscosities of 3.5, 4.5, and 5.6 Pa.s , respectively. [18] FTIR spectra
Gelatin samples A20 and P20 were selected for FTIR study based on comparatively better yield, gel strength, and viscosity. Usually, FTIR spectroscopy is employed to elaborate the functional groups and secondary structure of gelatins, and the amide I band detected between 1600 and 1700 cm −1 is the most crucial for secondary structure study of the protein. [54] Amide I shows C = O stretching vibration hydrogen bonding coupled with COO, coupled to contributions from the CN stretch, CCN deformation, and in-plane NH bending mode. [55] FTIR spectra of control, A20, and P20 have been depicted in Figure 2 . Major peaks were observed to fall in the amide regions but exhibited minor variations in the spectra but were concomitant with earlier results of Muyonga et al. [54] It was observed that control, A20, and P20 displayed their amide I bands at the wave numbers of 1631.78, 1633.71, and 1629.85 cm −1 , respectively. Detection of absorption peak at 1633 cm −1 shows a coiled structure of gelatin [56] indicating towards the maintained triple helical strand arrangement of A20 gelatin due to little deviation from the characteristics amide A band wavenumber compared to P20 and control. The amide I peak for P20 was noticed at lowest wavenumber (greater deviation from the characteristic amide I wavenumber) followed by control, which suggested a greater loss of molecular order in P20 gelatin sample.
An out-of-phase combination of CN stretch and in-plane NH deformation modes of the peptide group are mainly reflected by amide II vibration modes. [32, 57] Dry collagen exhibited its characteristic amide II absorption spectra in between the range of 1530 and 1540 cm −1. [58] The specific absorption bands of control, A20, and P20 gelatin in amide II region were displayed at the wavenumbers of 1537.27, 1539.2, and 1546.91 cm −1 , respectively. The lower wavenumber of control and A20 than P20 indicated higher NH group engagement in hydrogen bond formation. [59] Absorption spectra between 1200 and 1400 cm −1 shows amide III band resulting from wagging vibrations of CH 2 groups from the proline side chains and glycine backbone and C-N stretching and N-H in-plane bending resulting from amide linkages. [60] Amide III was detected around the wavenumbers of 1234.44, 1234.44, and 1240.23 cm −1 for control, A20, and P20, respectively. The relatively higher wavenumber for P20 indicated higher disruption than A20 in the α helical structure of the native state to unsystematic coiled arrangement related with the lost triple-helical strand structure during collagen transformation into gelatin. [54] Additionally, some more peaks for control were detected at wavenumber of 1029.99, 1078. 21 . C̶ O stretching vibrations of the short peptide chains gave rise to these bands. [60] Amide A band, displayed around wavenumber 3400-3440 cm −1 , results from NH-stretching coupled with hydrogen, [54] and it is moved to lower wavenumbers, generally close to 3300 cm −1 , due to H bonding by the N-H group of the peptide chain. [58] The amide A of the triple-helix polymer is shifted to lower wavenumber due to the formation of H bond by the N-H group of a peptide. [44, 61] Amide A appeared at 3294.42, 3311.78, and 3305.99 cm −1 for control, A20, and P20 gelatins, respectively. The lower wavenumber of control and P20 compared to A20 showed that the N-H group in α chains was more engaged in hydrogen bonding due to a higher degradation of protein chains in these two samples. Amide B bands show asymmetric stretching vibration of = C-H and NH 3 +. [32] The amide B for control, A20, and P20 was observed at 2931.80, 2953.02, and 2939.52 cm compared to A20 implied the interaction of -NH 3 group between peptide chains in those gelatin samples. [44, 59] Therefore, it can be summarized that the enzyme pretreatment affected the secondary structures and functional groups of the extracted gelatin. 
Microstructure of gelatin
Based on comparatively better yield and functional properties, the microstructure of A20 and P20 along with control was analyzed. The microstructures of control, A20, and P20 gelatin samples as revealed by SEM are illustrated in Figure 3 . Gelatin microstructures reflect the physical characteristics of the gelatin. The severity of pores and irregularity were more evident in the P20 sample compared to control and A20 samples. A20 sample demonstrated interconnected bigger particle size and denser structure with least number of voids compared to the other two samples, and this observation was reflected in the higher gel strength (Table 3 ) of A20 sample. The result was similar to Tu et al. [58] and Wangtueai et al. [62] who reported that higher gel strength gelatin had finer and denser gel network. P20 structure was disorganized, and control gelatin had honeycomb sheet structure. The result revealed that actinidin enzyme caused the least damage to gelatin polypeptides chains, and papain enzyme led to more severe degradation of the gelatin protein chains.
Conclusions
GEA samples particularly at A20 showed better yield, gelatin strength, and viscosity and revealed the presence of α-chains and low-molecular-weight peptides. In contrast, GEP samples showed low gel strength and comparatively less viscosity because of the presence of low-molecular-weight peptides due to highly degraded gelatin chains. The result indicated that actinidin enzyme, particularly at the level of 20 unit/g of wet skin, could be used to enhance the gelatin extraction yield and functional qualities from bovine skin.
